Exuberant inflammatory responses are associated with respiratory failure during Pneumocystis pneumonia. Alveolar epithelial cells (AECs) promote Pneumocystis attachment and proliferation, but also contribute prominently to host cytokine-mediated inflammation during pneumonia. Recent investigations indicate that AECs produce macrophage inflammatory protein-2 (MIP-2) and tumor necrosis factor-␣ (TNF-␣) following challenge with Pneumocystis carinii. Nuclear factor-B (NF-B) is a ubiquitous transcription factor critical for regulation of proinflammatory cytokine expression. Herein, we assess rat AEC NF-B responses to challenge with a P. carinii ␤-glucan cell wall component (PCBG). Prominent nuclear translocation of p65 NF-B was demonstrated following PCBG challenge. NF-B activation was in part mediated through Protein Kinase C (PKC) signaling pathways. PCBG challenge of AECs was also shown to induce MIP-2 and TNF-␣ mRNA production, a response that was ameliorated by NF-B inhibition. MIP-2 protein expression was also dramatically increased by PCBG challenge, in a manner that was significantly attenuated by both PKC and NF-B inhibition. The data further demonstrate that AEC chemokine responses were not mediated by the recently described dectin-1 receptor, but instead involved participation of cell surface lactosylceramide. These data support a significant role for AECs in host responses during Pneumocystis pneumonia, and further indicate that ␤-glucan induces inflammatory cytokine production through NF-B-dependent mechanisms.
Pneumocystis pneumonia remains a significant cause of morbidity and mortality in immunocompromised hosts. Despite available medications, the case mortality for Pneumocystis pneumonia continues to range between 15 and 40%, with greater mortality observed in patients immunocompromised by conditions other than AIDS (1) (2) (3) . Severe Pneumocystis pneumonia is characterized by intense neutrophilic lung inflammation associated with diffuse alveolar damage, gas exchange impairment, and respiratory failure (4, 5) . Notably, the degree of neutrophilic inflammation has been shown to be a stronger predictor of respiratory failure and death than organism burden during infection (1, (6) (7) (8) . The mechanism by which Pneumocystis organisms induce lung inflammation remains incompletely elucidated, but (Received in original form September 22, 2004 and in final form February 25, 2005) These studies were supported by NIH Grants R01 HL55934 and R01 HL62150 to A.H.L. recent studies implicate Pneumocystis ␤-1,3-glucan cell wall constituents in strongly promoting lung inflammation (9, 10) .
Alveolar epithelial cells (AECs) exert central activities in the pathogenesis of Pneumocystis pneumonia. Ultrastructural studies reveal that Pneumocystis organisms closely associate with the alveolar epithelium of infected human and animal lungs, supporting the hypothesis that binding of Pneumocystis to AECs is essential for the establishment of infection (11, 12) . Evidence also suggests that AECs, once considered simply passive gas exchange barriers, also actively participate in host defense against infectious agents (13) (14) (15) (16) . We recently demonstrated that rat AECs produce macrophage inflammatory protein-2 (MIP-2) in response to Pneumocystis carinii ␤-glucan (PCBG) challenge (17) . MIP-2 represents the rodent homolog of the human C-X-C chemokine interleukin-8, a potent neutrophil chemoattractant (18) . We also demonstrated that AECs produce tumor necrosis factor-␣ (TNF-␣), a cytokine known to have numerous proinflammatory activities, following PCBG challenge. Recent investigations further reveal that, on a cell-by-cell basis, AECs produce more of these cytokines than do professional innate immune effector cells such as alveolar macrophages (17) . Such observations suggest that MIP-2 and TNF-␣ produced by AECs substantially contribute to pulmonary inflammation observed during Pneumocystis pneumonia.
Nuclear factor-B (NF-B) functions as an important transcriptional regulator of many inflammatory responses. When inactive, this ubiquitous member of the Rel-related transcription factor family exists as a cytosolic heterodimer of p65 (NK-B 1 ) and p50 (RelA) subunits, associated with the inhibitory I-B subunit. NF-B activation results in I-B␣ phosphorylation and dissociation from p65/p50 components, allowing the heterodimer to translocate to the nucleus and promote proinflammatory gene transcription (19, 20) . Previous studies have confirmed the importance of NF-B in inflammatory responses of alveolar macrophages to PCBG (9, 10, 21, 22) . However, the surface receptor mechanisms initiating AEC activation are distinct from those mediating macrophage activation, and the mechanisms of inflammatory gene activation in AECs remain undefined (17, 21) .
In particular, it is not known whether NF-B participates in regulation of the inflammatory responses of alveolar epithelial cells following challenge with PCBG. A greater understanding of the signaling pathways involved in AEC inflammatory responses may yield potential novel therapeutic targets for Pneumocystis pneumonia. Accordingly, the current study was performed to determine the role of NF-B in PCBG-induced AEC inflammatory responses, specifically the production of the proinflammatory chemokines MIP-2 and TNF-␣. In addition, we assessed the roles of the recently described dectin-1 receptor and Protein Kinase C (PKC) signaling pathways in mediating AEC responses to this major Pneumocystis cell wall component.
MATERIALS AND METHODS

Reagents and Organisms
Unless otherwise noted, all general reagents were from Sigma Chemical Co. (St. Louis, MO). The animal experiments were reviewed and approved by the Mayo Institutional Animal Care and Usage Committee before initiation of these studies. P. carinii was originally obtained through the American Type Culture Collection (ATCC, Bethesda, MD) and maintained in our colony of dexamethasone-treated immunosuppressed Long Evans rats (HSD, Inc., Indianapolis, IN), as we previously reported (11, 21) . Monoclonal antibody 2A11, which recognizes the dectin-1 receptor, was generously provided by Dr. Gordon Brown, University of Cape Town, South Africa (23) .
PCBG was prepared as we recently described (17) . Briefly, P. carinii organisms were isolated from lungs of heavily infected rats, autoclaved, and disrupted by ultrasonication. Glucan was isolated by NaOH digestion and lipid extraction, washed first with 0.1% SDS, and then vigorously washed with distilled physiologic saline to remove the detergent. This isolate was previously characterized to contain a predominantly glucose-rich complex carbohydrate complex, which was degraded by ␤-1,3-glucanases. Only those ␤-glucan preparations which consistently displayed Ͻ 0.125 units of endotoxin by the Limulus amebocyte lysate method were used in these studies (17) .
Alveolar Epithelial Cell Isolation
Rat alveolar epithelial cells (AECs) were isolated as described by Dobbs and colleagues (24) . In short, pentobarbital-anesthetized rats ‫ف(‬ 250 g) were killed by transection of the inferior vena cava. The pulmonary vasculature was perfused with saline. The trachea was isolated and the lungs depleted of alveolar macrophages by multiple lavages. AECs were separated from the basement membrane by incubation with porcine elastase, and the lungs were minced, filtered, and centrifuged. Recovered cells were suspended in serum-free DMEM and incubated for 1 h in Petri dishes coated with rat IgG to remove residual macrophages. The supernatant was collected and centrifuged before suspension of the epithelial cells in DMEM with 10% bovine calf serum with penicillin (50,000 units/liter) and streptomycin (50 mg/liter). AECs were counted using a standard hemocytometer. The AECs were incubated (37 ЊC, 5% CO 2 ) and allowed to adhere to culture plates for at least 48 h. The media was changed after the initial 24 h. After 48 h, the cells had largely lost lamellar inclusion bodies, and were quite spread and attached, displaying morphology more reminiscent of Type I cells than the Type II cell morphology originally observed immediately after isolation. Prior studies have demonstrated that Pneumocystis interacts predominantly with Type I cells, but also to a lesser degree with Type II cells (1, 12) .
Fluorescence Microscopy to Detect NF-B Translocation
To initially demonstrate NF-B activation following AEC stimulation with PCBG, we evaluated nuclear translocation of immunofluorescentlylabeled p65 NF-B (21). AECs were isolated and cultured on sterile fibronectin-coated 22 ϫ 22 mm glass coverslips in 6-well tissue culture plates, then challenged with PCBG (100 g/ml) for 1 h before fixation with 2% paraformaldehyde for 10 min at 37 ЊC. After fixation, the cells were permeabilized with methanol for 2 min at 22 ЊC, and rinsed with phosphate-buffered saline (PBS). Nonspecific binding was blocked with 5% goat serum in PBS for 30 min at room temperature. The cells were then incubated with goat anti-mouse p65 (0.5 g/ml; Santa Cruz Biotechnology, Santa Cruz, CA) for 60 min at room temperature. Coverslips were next washed extensively and incubated for 60 min with a 1:50 dilution of Texas Red fluorophore-conjugated donkey anti-goat polyclonal antibody (Jackson ImmunoResearch Laboratories, New Grove, PA). Nuclear counterstaining was performed with 4Ј,6-diamidino-2-phenylindole (DAPI; 0.1 g/ml). Following extensive washing, the coverslips were mounted on slides and examined with fluorescence microscopy (Olympus IX70 microscope, Melville, NY) using appropriate optics (Texas Red: excitation ϭ 540/25 nm; emission ϭ 620/60 nm; DAPI: excitation ϭ 360/40 nm; emission ϭ 460/50 nm).
Electrophoretic Mobility Shift Assay for NF-B
To further evaluate NF-B activation, nuclear and cytosolic fractions were prepared from AECs with or without PCBG stimulation (100 g/ml) (21). At specified times, the cells were scraped and suspended in 1 ml of buffer A (10 mM HEPES, pH 7.9; 1.5 mM MgCl 2 ; 10 mM KCl), freshly supplemented with 0.5 mM dithiothreitol, 10 g/ml leupeptin, 2 g/ml aprotinin, 2 g/ml pepstatin, and 1 M phenylmethylsulfonyl fluoride. Lysis buffer (buffer A containing 0.1% NP-40) was applied for 10 min, followed by centrifugation (6,500 rpm, 3 min, 4 ЊC), with the supernatants collected as the cytosolic fractions. The remaining pellets were resuspended in 15 l of buffer B (20 mM HEPES, pH 7.9, 25% vol/vol glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA), supplemented with the above protease inhibitors. Nuclear suspensions were agitated for 30 min at 4 ЊC, and then centrifuged (12,000 ϫ g, 20 min, 4 ЊC) to remove debris. The resulting supernatants (nuclear fractions) were collected and diluted with 30 l of Buffer C (20 mM HEPES, pH 7.9; 20% vol/vol glycerol; 0.05M KCl; 0.2 mM EDTA) with protease inhibitors. Cytosolic and nuclear fractions were stored at Ϫ70 ЊC. Protein concentrations were determined by Coomassie protein assay (Pierce Chemical Co., Davenport, IA) and referenced against bovine serum albumin standards. Electrophoretic mobility shift assays (EMSA) were then performed on nuclear lysates, as described (21) . A double-stranded DNA probe that binds NF-B (5Ј AGT TGA GGG GAC TTT CCC AGC 3Ј; Santa Cruz Biotechnology) was radiolabeled with (␥-32 P)-ATP and incubated with 5 g of nuclear extract for 30 min at 22 ЊC, separated on 6% polyacrylamide gels, and visualized by autoradiography.
The Role of Signaling Kinases in PCBG-Induced NF-B Activation
To determine the potential roles of mitogen-activated protein kinase (MAPK) and PKC signaling pathways during NF-B activation in response to PCBG, AECs were pre-incubated in the presence of the upstream MEK1 (MAPK kinase) inhibitor (UO126, 40 M; Promega, Madison, WI), the p38 MAPK inhibitor (SB 203580, 40 M; Promega), or the PKC inhibitor (Gö 6976 X M; Calbiochem, Inc., La Jolla, CA) for 45 min before stimulation with PCBG (5 ϫ 10 6 particles/ml). Concentrations of inhibitors tested were those previously determined to suppress kinase activities, and were not associated with significant cellular toxicity (25) (26) (27) . Nuclear extracts were collected and NF-B p50 activity measured using the Mercury TransFactor Kit (Clontech, Palo Alto, CA), a solid phase immunoassay measuring nuclear content of the p50 NF-B component. Briefly, AECs were washed with PBS and incubated with lysis buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl, 10 mM KCl, 0.1 M DTT, and a protease inhibitor cocktail) for 15 min on ice. After washings, a narrow-gauge (No. 27) syringe (Tyco Health Care, Mansfield, MA) was used to slowly draw and eject the cell suspension ten times. The suspension was centrifuged (10,000 ϫ g, 20 min), and the pellet resuspended in nuclear extraction buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl, 0.42 M NaCl, 0.2 mM EDTA, 25% vol/vol glycerol). After disrupting the nuclei with a narrow-gauge syringe, the nuclear suspension was shaken for 30 min at 4 ЊC and then centrifuged (20,000 ϫ g, 5 min). Nuclear extract protein concentrations were determined by Coomassie assay. The nuclear extracts were added to plates coated with oligonucleotides containing the consensus binding sequence for NF-B p50. Samples were also added to mutant DNA-coated wells as a background nonspecific DNA binding control. Bound transcription factor was detected using a primary antibody directed against NF-B. After washings, the wells were incubated with anti-rabbit IgG-HRPOconjugated secondary antibody (1:1,000 dilution), followed by additional washing and addition of 3Ј,3Ј,5Ј,5Ј tetramethylbenzidine substrate, with absorbances measured at 655nm.
Northern Analysis of Inflammatory Gene Expression following PCBG Stimulation
We next assessed whether NF-B activity regulates expression of inflammatory genes following PCBG challenge. To accomplish this, AECs were cultured (3 ϫ 10 7 cells/well) with or without the NF-B inhibitor pyrrolidine dithiocarbamate (PDTC) at the indicated concentrations for 2 h before and throughout a subsequent 4-h incubation with PCBG (100 g/ml). RNA was extracted from each sample (Trizol Reagent; Invitrogen Life Technologies, Inc., Carlsbad, CA), and equal RNA (5.0 g) separated through 1.2% agarose in the presence of 2.2 M formaldehyde, and transferred to nitrocellulose. To assess expression of prototypic inflammatory genes, a 299-bp TNF-␣ probe was labeled with [␥-32 P] dCTP (Amersham Biosciences, Piscataway, NJ) by a random primer method, added to the hybridization solution (1 ϫ 10 6 cpm/ml), and incubated with the membranes for 1 h at 68 ЊC. After hybridization, the membranes were washed four times with 2ϫ salt sodium citrate solution (SSC, where 1ϫ solution contained 150 mM NaCl and 15 mM sodium citrate; pH 7.0) with 0.05% SDS at room temperature for 40 min followed by 0.1ϫ SSC with 0.1% SDS solution at 50 ЊC for 40 min, then visualized by autoradiography. Following decay of the TNF-␣ hybridization signal, a 303-bp MIP-2 DNA probe was generated and rehybridized with the same nitrocellulose-bound samples.
MIP-2 Production following PCBG Stimulation in the Presence of NF-B Inhibition
We further assessed the effect of NF-B inhibition on AEC MIP-2 protein production following PCBG stimulation. AECs were incubated with the NF-B inhibitors tepoxalin (30 M; Johnson PRI, Raritan, NJ) or PDTC (40 M) for 30 min before and through a subsequent 6-h challenge with PCBG. These concentrations had no affect on cell viability (21) . Supernatants were collected after 6 h of PCBG stimulation, and MIP-2 levels were quantified by enzyme-linked immunosorbent assay (ELISA; Biosource, Camarillo, CA).
The Role of Dectin-1 in AEC Responses to PCBG
Recent investigations indicate that dectin-1 is a major cell surface receptor on macrophages and other cells mediating uptake and cell activation in response to ␤-glucans (23, 28, 29) . To address whether dectin-1 also functions in epithelial responses to glucans, AECs and alveolar macrophages were isolated, and membrane proteins extracted, as described (17) . The membrane proteins were separated by SDS-PAGE, transferred, and analyzed with immunoblot using an antibody recognizing the dectin-1 receptor (23). In addition, RNA was extracted (Triazol Reagent) and Northern analysis for dectin-1 was performed. Finally, cultured AECs were preincubated for 20 min with either anti-dectin-1 (Antibody 2A11) or anti-CDw17 antibodies, or nonimmune immunoglobulin (20 g/ml each; Sigma), and stimulated with the PCBG (5 ϫ 10 6 particles/ml) for 16 h in the presence of these antibodies at the indicated concentrations. Our prior studies have indicated that lactosylceramide (CDw17) serves as an alternate ␤-glucan receptor mediating cell activation (17) . Supernatants were collected after 16 h and MIP-2 concentrations determined by ELISA. Cell viability was confirmed using the XTT Cell Proliferation Kit II (Roche, Mannheim, Germany).
Statistical Analysis
All data are expressed as the mean Ϯ SEM. Differences between groups were determined using two-tailed Student's t test. Statistical testing was performed using a SPSS/JMP software program (SPSS, Inc., Chicago, IL), with statistical differences considered significant if P Ͻ 0.05.
RESULTS
PCBG Induces NF-B Activation in AECs
Inflammatory gene activation involves phosphorylation and degradation of cytosolic I-B␣ and the subsequent translocation of the liberated NF-B subunits to the nucleus, thus initiating transcription (21) . Stimulation of cultured alveolar epithelial cells with PCBG-induced nuclear translocation of p65 NF-B over the first hour of cell stimulation (Figure 1 ). Immunofluorescence reveals that in unstimulated AECs the dominant location of p65 NF-B is cytosolic, whereas marked translocation to the AEC nucleus occurred following challenge with PCBG. Identical findings were observed for experiments performed in the presence of antibodies to the p50 NF-B component (data not shown).
To further document the time course of NF-B activation in AECs after stimulation with PCBG, electromobility shift assays were undertaken (Figure 2 ). NF-B subunits were observed in AEC nuclear fractions as early as 20 min after the onset of PCBG challenge. Maximal NF-B nuclear translocation of the P65/p50 subunits was demonstrated between 40 and 50 min of stimulation. Decrements in NF-B presence in the nuclear fraction were again noted at ‫ف‬ 60 min, and continued thereafter.
PCBG-Mediated Activation of Alveolar Epithelial Cell NF-B Is Mediated by PKC
To next address the potential role of signaling kinases in NF-B activation, cultured AECs were stimulated with PCBG in the presence of the MEK-1 inhibitor UO126, the P38 MAPK inhibitor SB203580, and the PKC inhibitor Gö 6976. NF-B activation was quantified by a solid phase immunoassay measuring the nuclear content of p50 NF-B (Figure 3) . In these studies, only PKC inhibition significantly suppressed NF-B activation, resulting in approximately a 64.5 Ϯ 1.0% reduction of activity (P ϭ 0.0023 compared with PCBG-stimulated AECs without inhibitor). The inhibitors to MEK-1 and P38 MAPK exerted no significant effect on NF-B activation.
PCBG Induces NF-B-Dependent MIP-2 and TNF-␣ mRNA Expression in AECs
PCBG is known to induce secretion of inflammatory chemokines and cytokines such as MIP-2 and TNF-␣ from lung cells. Accordingly, we next evaluated whether NF-B was required for PCBG inflammatory gene expression in cultured AECs (Figure 4 ). Northern hybridization demonstrated that AEC significantly increased the expression of both MIP-2 and TNF-␣ mRNA following challenge with PCBG. Furthermore, this enhanced inflammatory gene expression was largely reversed by doses of the potent NF-B inhibitor PDTC as low as 12.5 M. In the presence of PDTC, the mRNA concentrations of PCBG challenged AECs approximated those of unstimulated cells. Thus, PCBG stimulates MIP-2 and TNF-␣ gene expression in an NF-B-dependent manner.
Intact P. carinii Organisms Also Induce MIP-2 Secretion from AECs though Less Potently than Purified PCBG
To further understand the extent to which intact Pneumocystis organisms stimulate AEC chemokine release, we next challenged AECs with either intact P. carinii (1 ϫ 10 8 ) or with purified PCBG particles (200 g/ml) ( Figure 5 ). These concentrations were based upon our previous studies and preliminary observations (9, 10, 21) . After overnight culture, the media were analyzed for MIP-2 by ELISA. Both intact P. carinii organisms and PCBG significant induced the secretion of MIP-2 from the cultured AECs (P Ͻ 0.0001 comparing either PC-or PCBGstimulated AECs to unstimulated controls). However, as we anticipated, the purified PCBG particles exhibited significantly greater potency than the whole P. carinii organisms (P Ͻ 0.0028 comparing PCBG to PC stimulated AECs).
Furthermore, our prior studies characterizing PCBG responses in whole animals and with cultured lung cells have demonstrated that contaminating lipopolysaccharide (LPS) is not present to any detectable extent in our PCBG preparations, and is not responsible for inflammatory responses related to this Pneumocystis cell wall component (9, 10, 21) . However, in the current study, to further exclude the possibility of endotoxin contamination, additional assays were conducted in both the presence of absence of polymixin (1 g/ml) ( Figure 5 ). This concentration has been effective in our earlier studies in excluding low-level concentrations of LPS contamination (9) . Notably, the presence of polymixin did not significantly alter the stimulation resulting from either P. carinii or from PCBG. Thus, endotoxin does not appear to be a substantial cause of the observed chemokine responses to either Pneumocystis or PCBG. 
AEC MIP-2 Production Stimulated by PCBG Requires NF-B Activity
Furthermore, as demonstrated in Figure 6 , MIP-2 protein secretion was also strongly induced in AECs following PCBG challenge, and this response was significantly attenuated by inhibition of NF-B activity. MIP-2 responses were strongly and significantly inhibited by both the NF-B antagonists PDTC and tepoxalin. In addition, inhibition of PKC activity (but not MEK1 or P38 MAP kinases) also substantially suppressed AEC chemokine secretion in response to Pneumocystis cell wall ␤-glucans. Taken together, these data indicate that AEC activation in response to PCBG involves participation of PKC signaling pathways with resulting activation of NF-B leading to chemokine generation.
PCBG Responses in AECs Are Not Mediated by Dectin-1 but Instead Require Lactosylceramide
The dectin-1 surface receptor is expressed on macrophages and other cells and promotes uptake of yeast and zymosan particles, a glucan-rich cell wall preparation. In addition, dectin-1 has been implicated in the initiation of cell inflammatory activation (28, 29) . Earlier studies have not specifically evaluated the presence of dectin-1 on AECs. Accordingly, we sought to identify dectin-1 receptors on AECs and to evaluate their potential role in inflammatory activation in response to PCBG. However, both immunoblot analysis and Northern analysis failed to detect either dectin-1 protein or mRNA in our AEC cultures (Figure 7) . Instead, dectin-1 was easily demonstrated in alveolar macrophage preparations analyzed in parallel. As anticipated from the preceding experiments, anti-dectin-1 antibody did not significantly inhibit MIP-2 production following stimulation with PCBG, further indicating that AECs use an alternate ␤-glucan receptor (Figure 8 ). We recently published our findings that lactosylceramide functions as such an alternate ␤-glucan receptor (17) . In contrast to anti-dectin-1, incubation of AECs with antibody recognizing lactosylceramide (anti-CDw17), substantially inhibited AEC MIP-2 generation in response to PCBG, confirming our earlier observations (17). ) or with purified PCBG (200 g/ml), with or without treatment with polymixin (1 g/ml) over 18 h. The media were collected and assayed for MIP-2 by ELISA. Both intact P. carinii organisms and PCBG induced significant secretion of MIP-2 from the cultured AECs (*P Ͻ 0.05 compared with unstimulated controls). However, as anticipated, the purified PCBG particles were significantly more potent than the whole P. carinii organisms ( ## P Ͻ 0.05 comparing PCBG to PC). Notably, the presence of polymixin did not significantly alter the stimulation resulting from either P. carinii or from PCBG, thus excluding endotoxin as a substantial cause of these responses. Figure 6 . PCBG stimulation of MIP-2 protein production is attenuated by inhibitors of NF-B. AECs were stimulated with PCBG for 6 h and MIP-2 protein production measured by ELISA in the presence or absence of protein kinase inhibitors and NF-B antagonists. While incubation of AECs with antagonists of MEK1 (U0126) and P38 (SB203580) had no discernable impact on MIP-2 production, inhibition of PKC (Gö6976) significantly suppressed generation of this chemokine. In addition, both the NF-B inhibitors tepoxalin and PDTC significantly reduced ␤-glucan stimulation of MIP-2 release (*P Ͻ 0.05 compared with control).
DISCUSSION
Pneumocystis pneumonia remains an important life-threatening infection of immunocompromised hosts, resulting in high rates of respiratory failure and death (1, 4) . Severe Pneumocystis pneumonia in humans is characterized by intense neutrophilic lung inflammation associated with gas exchange impairment, diffuse alveolar damage, and respiratory failure (5, 6, 8) . Additional studies further implicate CD8 lymphocytes in also mediating deleterious lung inflammation during Pneumocystis infection (30) . Pneumocystis cell wall ␤-glucans strongly stimulate such lung inflammation by promoting cytokine and chemokine generation 6 particles/ml). MIP-2 generation under these conditions was quantified by ELISA. Anti-dectin exhibited no significant suppression in MIP-2 release. However, consistent with our previous observations, anti-lactosylceramide (anti-CDw17) significantly suppressed MIP-2 release from AECs challenged with PCBG (17) . Data points are expressed as mean Ϯ SEM (*P Ͻ 0.05, compared with control AECs incubated with PCBG alone).
from lung cells (9, 17, 21, 31) . In earlier studies, we demonstrated that alveolar epithelial cells freshly isolated from Pneumocystis glucan-challenged rats exhibit enhanced mRNA expression for MIP-2 and related chemokines (17) . In addition, we have also shown that isolated Pneumocystis ␤-glucan instilled into the lungs of immune-competent mice strongly induces both neutrophil recruitment and cytokine secretion recovered in the bronchoalveolar lavage (9) . Previous studies strongly implicate that host lung infiltration with inflammatory cells, including neutrophils and lymphocytes, rather than direct toxic effects of the organisms is largely responsible for respiratory impairment during this infection (1, 5, 7, 8) .
MIP-2 and TNF-␣ are two such mediators that potently stimulate lung recruitment of immune effector cells. AECs produce significant quantities of MIP-2 and TNF-␣ in response to PCBG, to a greater extent than even professional immune effector cells such as alveolar macrophages (17, 32) . The present study further demonstrates that AEC generation of chemokines in response to PCBGs relies on NF-B-dependent mechanisms. AEC activation of NF-B signaling occurs in part through PKC signaling pathways and appears to not require the recently described dectin-1 receptor. Instead, our findings indicate that lactosylceramide, an alternate ␤-glucan receptor, is important in ␤-glucan activation of alveolar epithelial cells (17) .
NF-B broadly regulates the expression of multiple genes encoding inflammatory proteins including MIP-2 and TNF-␣, proteins in apoptotic pathways, and components of the cell cycle regulatory machinery (33) (34) (35) . NF-B exists as an inactive cytosolic complex bound to its inhibitory subunit I-B␣. Following cell activation, I-B␣ is phosphorylated and targeted for proteosomal degradation, thereby releasing the DNA binding NF-B p50/p65 components. The liberated heterodimer translocates to the nucleus and initiates transcription of genes by binding to NF-B-binding motifs in promoter regions. The promoter region of the MIP-2 gene has recently been shown to contain consensusbinding sites for NF-B (18) . Other studies similarly demonstrate that NF-B mediates increased expression of MIP-2 mRNA when alveolar epithelial cells are challenged with LPS, vanadium, crocidolite, or overdistension (33, 36, 37) .
Nonspecific anti-inflammatory therapies, including adjunctive corticosteroids, have significantly decreased the mortality of Pneumocystis pneumonia (38) . New approaches by which lung inflammation might be selectively modulated should prove beneficial to patients with severe Pneumocystis infection. Tepoxalin, a di-aryl-substituted pyrazole, and PDTC are two potent inhibitors of NF-B activation useful for in vitro studies. Both are thought to prevent the initial targeting and degradation of I-B␣ (39) (40) (41) . The marked attenuation of epithelial cell chemokine production after treatment with tepoxalin and PDTC strongly supports an integral role of NF-B signaling pathways in mediating epithelial inflammatory responses to PCBGs. Although anti-NF-B agents are not yet available for clinical testing, these in vitro studies provide useful clues that might eventually be examined in future management of this infection.
Signaling kinases including MAPK and PKC have been implicated in initiating NF-B activation following various stimuli (42) (43) (44) . For instance, NF-B activation has been shown to be associated with the p38 and p42/44 MAPK pathways in responses to LPS (45, 46) . Other studies have implicated PKC activity in mediating NF-B activation following mechanical deformation of cells as well as other stimuli (47) . Our data suggest that inhibition of either p38 or MEK1 in AECs does not significant attenuate NF-B translocation or MIP-2 protein production, indicating that p38 or P42/44 MAPK pathways are not likely significantly involved in AEC ␤-glucan-mediated responses. In contrast, however, suppression of PKC activity significantly inhibited AEC NF-B activation and chemokine responses. Thus, selective signaling kinases participate in epithelial responses to the Pneumocystis cell wall components.
Prior studies have defined a number of potential mechanisms through which Pneumocystis interact with cells of the lower respiratory tract. For instance, alveolar macrophages have been shown to interact directly with the mannoprotein gpA on the surface of the organism through macrophage mannose receptors (12, 22) . In addition, extracellular matrix proteins including fibronectin, vitronectin, and surfactant proteins A and D coated on the surface of organisms also facilitate interactions of Pneumocystis with alveolar macrophages (1, 12, 22) . Interactions of ␤-glucans on Pneumocystis with macrophages have further been proposed to occur through a variety of mechanisms, including via the integrin CD11b/CD18 receptor (12, 22) . The mechanisms by which epithelial cells interact with Pneumocystis are somewhat less well defined. However, once again, interactions of Pneumocystis with the extracellular matrix fibronectin and vitronectin are known to facilitate binding of the organism to epithelial cells through integrin-dependent mechanisms.
Recent investigations have defined important roles for dectin-1 as a major receptor on macrophages and dendritic cells mediating uptake of fungal organisms and zymosan (23, 28, 29) . Additional studies indicate that dectin-1 is active in macrophage uptake of Pneumocystis as well as associated inflammatory responses (29) . However, the current investigations demonstrate that, distinct from alveolar macrophages, AECs lack dectin-1, yet are fully capable of robust inflammatory responses to fungal cell wall ␤-glucans, through the activity of lactosylceramide (17) .
Taken together, these investigations demonstrate that alveolar epithelial cell chemokine responses to PCBGs are mediated through NF-B-dependent mechanisms. Initiation of ␤-glucan responses in AECs does not require the dectin-1, but rather involves participation of the alternative lactosylceramide ␤-glucan receptor. Furthermore, this signaling of NF-B activation also involves PKC activity. Additional understanding of lung inflammatory response to Pneumocystis offers hope for novel pharmacologic interventions in this disease, which persists with unacceptably high mortality.
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